Use of bank filtration (BF) to improve water quality is of great importance for public water supply. The BF technique consists of the use of wells situated near riverbanks with sediment materials from the banks and bed as a natural filter, which significantly reduces pollutant concentration found in surface water. The objective of this study was to analyse the ability of the BF technique to improve water quality in a study performed on the Beberibe River, Pernambuco State, Brazil. At a pilot scale, physical structure in the experimental module comprises one production well and seven observation wells. Groundwater levels and physical-chemical monitoring were conducted both at the Beberibe River and a production well, to evaluate the effectiveness of the BF technique. In addition, coliforms group and cyanobacteria removal were also analysed. The BF technique at the Beberibe River effectively improved water quality in terms of physical-chemical and bacteriological parameters and pumped water complies with potability standards required by Brazilian law and the rules of the World Health Organization.
INTRODUCTION
In the last few decades, with economic development and population growth, supply of potable water has been strongly affected due to the growing demand for water, climate change and an increasing degree of surface water pollution. Spatial and temporal allocation of potable water has been decreased due to a decrease in the availability of quality raw water.
Therefore, management of water resources for a sustainable potable water supply should consider not only the amount of available water but also its quality (Kubeck et al. ) .
Use of alternative techniques such as bank filtration (BF) to improve water quality is of great importance for public supply. The BF technique uses wells situated near riverbanks with sediment materials from the banks and bed as a natural filter, which significantly reduces the pollutant concentration found in surface water (Lorenzen et al. ; Hoffmann & Gunkel b; Stauder et al. ) .
A number of European countries including Germany, the Netherlands, France, Switzerland, Hungary (Kim et al. ) , the Slovak Republic (Schubert ) and Finland (Dash et al. ) have been using BF as an important source for the production of water for human consumption.
In Germany, BF has been of great importance for drinking water supply with large capacity waterworks located at lakes Müggelsee, Tegel and Wannsee (Kohfahl et al. ; Hoffmann & Gunkel a; b) . Cities such as Düsseldorf and Basel receive potable water from BF systems (Kubeck et al. ) . In Berlin, approximately 75% of the water supply comes from BF with improvements using artificial groundwater recharge (Kuehn & Mueller ) . In Lake Tegel, BF for Berlin's water supply is achieved through several galleries with 116 wells pumping 260,000 m 3 day À1 to supply drinking water for 700,000 inhabitants (Hoffmann & Gunkel a In India, the NASRI project has applied BF as a low-cost water treatment method. In northern India at Lake Nainital, in the Kumaon region at Uttarakhand state, BF has been used for more than 15 years (Dash et al. ) . In the city of Haridwar, the BF system was installed at the banks of the Ganga River, which supplies more than 35% of the city (Dash et al. ) .
In the United States, the water supply 'industry' classifies and adopts a regulatory concept that water originating from BF is 'groundwater under the direct influence of surface water' (GWUDI), and this variable is defined and executed as a response to local conditions of each state or regulatory agent (Hiscock & Grischek  
EXPERIMENTAL PROJECT Project location
The 
Assembly of pilot project
To obtain more detailed information on the sediment layers, standard penetration test (SPT) percussion boreholes were drilled both perpendicular (cross-section 1) and parallel (cross-section 2) to the Beberibe River (Figure 2 ). The boreholes were later transformed into observation wells (SP).
The production well project was developed after infor- On a pilot scale, the experimental module consisted of one production well (Well) and seven observation wells:
SP1, SP2, SP3, SP4, SP5, SP7 and SP8 (Figure 2 ).
Piezometric monitoring
Piezometric monitoring was used to obtain readings of water levels of the production well, observation wells and the Beberibe River surface from March to December 2009.
By monitoring groundwater level variations with the pumping action of the production well it is possible to produce a map of the tendency of potentiometric curves and evaluated hydraulic connection in the BF system in the Beberibe River.
Before starting piezometric monitoring, the positions of the observation wells and the production well were surveyed using a geodetic GPS. Furthermore, a common measurement reference level has been chosen for all the piezometers, assuming that the main building floor level is 0.00 m.
Groundwater levels of observation wells and production well were obtained with an analogue level meter for piezometric monitoring. Furthermore, the water levels of the Beberibe River were monitored through a limnimetric ruler, and depth values obtained were converted to the reference level. Analyses of total coliforms and faecal coliforms present in the Beberibe River and the production well water were conducted in November and December 2009 with dilution of 10 À4 using the Colilert method (APHA ).
Physical-chemical and bacteriological characteristics

Cyanobacteria monitoring
To monitor cyanobacteria, seven samples of Beberibe river water and production well water with 1.0 l of river and well water were collected in sterilized bottles from Novem- 
RESULTS AND DISCUSSION
Granulometric analysis of boreholes created two transversal sections of sediment layers characteristics, one For infiltration, a connection between river water and aquifer trough riverbed material is needed, which means hydraulic resistance must be low, and this is determined by the layer of fine particles, in most cases, at the water sediment transition zone, hyporheic zone (Gunkel & Hoffmann ) .
Piezometric monitoring
Results of piezometric monitoring were important for monitoring variations in groundwater with the pumping action of the production well and results indicate that water coming from the production well is a mixture of groundwater from the phreatic aquifer and from surface water induced by the pumping through the sediment layers (Grischek et al. ) .
Maps of potentiometric curves and flow lines ( Figure 5) tend to go towards the production well, which is characteristic of the aquifer-river connection. In the winter period, the Beberibe River water level and piezometric heads production well and observations well were about 40 cm higher than in the summer period.
Correlating Beberibe River depths with piezometric levels of production well and observation wells, it was poss- of Korea, adjacent to Nakdong River; the groundwater level rapidly responded to the river level and this finding was consistent with the irregular variation of the river level due to precipitation. Results for iron and manganese showed a lower concentration in the production well than in the Beberibe River.
Physical-chemical and bacteriological monitoring
Iron and manganese are indicators for oxygen consumption, It can be observed at BOD oxygen budget. In this case, in bank filtrate BOD was 1.65 mg l À1 whereas in the Beberibe River it was 6.17 mg l À1 .
Electric conductivity and hardness parameters analysed for the production well were higher than those of the Beberibe River, but keep within standard water quality ranges (Ministério da Saúde, Portaria ; WHO ). Similar results were also reported by Dash et al. () at the Ganga River, Haridwar city, India, where hardness and electrical conductivity increased during BF. Thakur et al. () analysed the same river and found that alkalinity and electrical conductivity increased after the passage of water through a porous medium. According to Thakur et al. () , this occurs when water passing through the sediment of the bank and riverbed dissolves some precipitation that causes an increase in alkalinity and electrical conductivity or because of changes in redox conditions (Hiscock & Grischek ) .
The concentration of total coliforms for the Beberibe River ranged from 1,500 to 31,000 NMP/100 ml, and for faecal coliforms the concentration ranged from 300 to 3,400 NMP/100 ml. In the production well the coli- 
Cyanobacteria monitoring
In the Beberibe River, five cyanobacteria species were found: Limnothrix redekei, Oscillatoria subbrevis, Pseudanabaena catenata, Aphanizomenon sp. and Spirulina sp.
Cyanobacteria concentrations evaluated at the Beberibe River ranged from 1,678 to 15,059 cells ml À1 . In an analysis of cyanobacteria removal using the BF technique in the samples of production well water, no cyanobacteria species were found, and 100% removal was achieved.
Removal of cyanobacteria is of great importance, par- Electric conductivity and hardness increased in the BF system in the Beberibe River. This occurs during water passing through sediment layers, probably because bank filtrate absorbs many solutes.
The Beberibe River had five species of cyanobacteria, and these could be eliminated by the BF process; samples of the production well did not carry any cyanobacteria, with 100% cells removal.
Finally, the BF technique was an effective method for water treatment in local climate and sediment conditions of the RMR in the Beberibe River, improving water quality. BF systems seem to be a good technique for the developing world, thus it is important that other countries in the developing world set up similar experimental research to analyse BF effectiveness for water pollution characteristics and soil and climate conditions.
The water company in Pernambuco State has supported this research and has an interest in following up in the future, before incorporating the system into the full-time water supply.
